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Abstract 

A challenge experiment was performed to investigate whether administration of Mycobacterium avium subsp. 
paratuberculosis (MAP) via the respiratory route leads to MAP infection in calves. Eighteen calves from test negative 
dams were randomly allocated to four groups. Six calves were challenged with MAP nasally and six calves were 
challenged by transtracheal injection; three orally challenged calves served as positive controls, and three non 
challenged calves as negative controls. The challenge was performed as a nine-fold trickle dose, 10 7 CFU in total. 
Blood and faecal samples were collected frequently. Calves were euthanized three months post-challenge and 
extensively sampled. Blood samples were tested for the presence of antibodies and interferon gamma producing 
cells by ELISA. Faecal and tissue samples were cultured in a liquid culture system and the presence of MAP was 
confirmed by IS900 realtime PCR. Fourteen out of fifteen calves had no MAP antibody response. The negative 
controls remained negative; all positive controls became infected. Two nasally challenged calves showed a Purified 
Protein Derivative Avian (PPDA) specific interferon gamma response. In all nasally challenged calves, MAP positive 
intestinal samples were detected. In three calves of the nasal group MAP positive retropharyngeal lymph nodes or 
tonsils were detected. In all calves of the transtracheal group MAP positive intestinal tissues were detected as well 
and three had a MAP positive tracheobronchial lymph node. These findings indicate that inhalation of MAP 
aerosols can result in infection. These experimental results may be relevant for transmission under field conditions 
since viable MAP has been detected in dust on commercial dairy farms. 



Introduction 

Paratuberculosis or Johne's disease (JD) is a chronic enteri- 
tis of ruminants caused by Mycobacterium avium subspe- 
cies paratuberculosis (MAP). The well-accepted 
transmission route of MAP is the oral uptake of bacteria 
by susceptible calves via colostrum, milk, water or food 
contaminated with faeces from MAP-shedding cattle [1]. 
In addition, intrauterine transmission has been described 
[2] . Due to limited effectiveness of control programs and 
the fact that eradication could not be achieved, other non- 
identified transmission routes have been suggested [3-5]. 

Recently, MAP has been identified in settled dust sam- 
ples collected on dairy farms under experimental and 
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field conditions [6,7]. Currently, JD prevention programs 
do not include management practices to reduce dust 
production, spread of dust or exposure of susceptible 
calves to dust. All existing recommendations to decrease 
the risk of new infections of MAP in dairy operations 
are directly aimed at reducing the infection rate in 
calves by decreasing the contact with faeces of adult 
cows [8,9]. MAP containing dust may cause infection in 
susceptible calves via ingestion due to normal calf beha- 
viour (exploring the environment by licking and suck- 
ling). In addition, inhalation of MAP containing dust 
may also represent a route of transmission. In sheep, 
experimental intratracheal infection has been successful 
in the past [10]. However, inhalation of MAP by cattle 
has only been hypothesized as a possible route of trans- 
mission [4]. 
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The current study was designed as a proof of principle 
experiment to investigate whether inhalation of MAP 
can establish infection in dairy calves. Particle size of 
dust determines how deep particles can penetrate into 
the lungs. In humans it has been determined that 
inhaled particles of approximately 5 urn will be cleared 
by the mucociliary system of the respiratory tract and 
subsequently ingested (inhalable dust). Most particles < 
5 um can reach the alveoli and are called respirable dust 
[11]. A similar deposition and clearing pattern of aero- 
sols was found in the lungs of calves [12]. Therefore, 
the influence of particle size on clearing in the respira- 
tory tract of calves was assumed to be similar to 
humans. Two inoculation routes were tested in this 
study, intratracheal inoculation mimicking the uptake of 
respirable dust and aerosolized MAP mimicking the 
uptake of inhalable dust particles. In early MAP infec- 
tion (< 13 weeks) humoral immune responses as well as 
macroscopic and histological lesions are unlikely to 
occur [13,14]. After experimental MAP inoculation in 
calves, specific cellular immune responses could be 
detected early by interferon gamma assays and tissue 
culture could confirm infection status [15-17]. There- 
fore, colonization of tissue determined by culture was 
used to confirm successful intestinal infection in this 
study. 

Materials and methods 

Animals 

Fourteen newborn Holstein Friesian male calves, one 
male twin and one male/female twin (total of 18) were 
obtained from nine dairy farms located around Cal- 
gary, Alberta, over a period of five weeks. Donor-herds 
were identified as low MAP prevalent (< 5%) in a 
MAP prevalence study in 2009 by testing individual 
faecal, serum and milk samples of cows over 36 
months of age. Faecal samples were cultured by para- 
JEM automated MAP culturing (para-JEM®, TREK 
Diagnostic Systems, Cleveland, OH, USA) and serum 
and milk samples were analyzed for MAP antibodies 
by Pourquier ELISA (IDEXX Laboratories, Inc, West- 
brook, Maine, USA). Only calves of first and second 
lactation cows were included in the study. Faecal and 
serum samples of dams were collected at the day of 
parturition to confirm individual animal negative MAP 
status by both liquid culture and ELISA. All samples 
of dams tested negative. Calves were separated from 
their dam directly after birth and a pre-colostral serum 
sample was collected and used to check for BVD car- 
riers. The calves were transported to the research facil- 
ity and fed 6 L of gamma-irradiated colostrum 
(Hamilton McMaster Nuclear Reactor, Ontario, 
Canada) within 6 h, followed by milk replacer and calf 
starter grain without antimicrobial additives. 



Calves were housed individually on sawdust bedding 
in a biosecurity level 2 barn. The barn was heated and 
the temperature was maintained at a minimum of 14°C 
for the duration of the trial. The health status was mon- 
itored on a daily base by clinical inspection. The proto- 
col was approved by the Health Sciences Animal Care 
Committee (M09083) at the University of Calgary and 
performed according to Canadian Council of Animal 
Care regulations. 

Inoculum 

A virulent cattle type MAP strain isolated from a clini- 
cal JD case in Alberta (Cow 69), with an IS900-RFLP 
profile identical to the K10 reference strain recom- 
mended in the literature, was used [18]. To mimic field 
conditions the dosage chosen was close to one of the 
lowest described to be infective when administered 
orally [16] which was also plausible for uptake through 
respiration. Data about dust concentrations in cattle 
housing [19,20] and the tidal volume of calves (8 mL/kg 
bodyweight) were used to estimate that a calf approxi- 
mately inhales 700 mg of dust in the first 3 months of 
life via respiration alone excluding exploratory licking 
and suckling behaviour. It was shown that 10 s CFU of 
viable MAP/mg dust can be detected in dust samples on 
commercial dairy farms [7] . The challenge dose was 8 x 
10 CFU/dose administered on 3 consecutive days for 3 
weeks in a row (trickle dose) leading to exposure of 
calves to approximately 1 x 10 CFU which is one of 
the lowest dosages described to cause infection after 
oral inoculation [16]. 

MAP colonies were grown in 7H9/mycobactin/gly- 
cerol/OADC broth at 37°C shaking at 100 RPM. The 
inoculum was tested for contamination with Gram 
staining and subculture to blood agar. The inoculum 
was vortexed with 3-4 1 mm glass beads to eliminate 
clumps and checked for viability using a fluorescent 
Live/Dead® BacLight™ Bacterial Viability kit (Invitro- 
gen, Burlington, ON, Canada). Subsequently, MAP was 
quantified using the "pelleted wet weight method" as 
previously described, where the pelleted wet weight 
averaged approximately 1 x 10 7 CFU/mg [18]. Aliquots 
of 1.7 mg of MAP/tube were frozen at -80°C to be used 
as inoculum for each inoculation series. A separate ali- 
quot of MAP was used for each week of inoculation. 

Prior to each inoculation, a tube was thawed and 
inoculated in 100 mL of 7H9/mycobactin/glycerol/ 
OADC medium at 37°C shaking at 100 RPM for 5 days. 
MAP dose per mL was assessed using an in-house 
quantitative realtime PCR with a standard curve based 
on the 16 s rRNA gene of Mycobacterium smegmatis 
confirming the presence and the quantity of the 16 s 
rRNA gene using primers p882 (5'-aggattagataccctggtag- 
3') and pi 100 (5'-gctgacgacatccatgc-3'). The inoculum 
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was diluted to achieve the desired concentration of 8 x 
10 5 CFU/mL and was stored at 4°C until just prior to 
the inoculation for a maximum of three days. 

Study design 

Calves were assigned randomly to one of the four 
groups. Six calves were inoculated by transtracheal 
inoculation, six by nasal aspiration of aerosolized 
MAP, three were inoculated orally, and three did not 
receive a MAP challenge and served as negative con- 
trol. Transtracheal inoculation with 5 mL of inoculum 
was performed using a technique described in the lit- 
erature for the collection of bronchoalveolar fluid in 
calves without sedation [21]. Aerosolized inoculums (5 
mL) with a variable size were administered using a 
nasal spray pump during inspiration of the calf directly 
into the nostril [22]. Oral inoculation was performed 
to prove pathogenicity of the administered strain at 
the dosage used for the other challenge routes by 
allowing calves to suckle a syringe containing 5 mL of 
MAP suspension. Negative controls were used to sup- 
port the negative status of the collected calves and to 
detect unexpected MAP transmission during the trial. 
In addition, dust samples were collected with an elec- 
trostatic dust collector (EDC) to detect environmental 
contamination with MAP. 



An overview of all samples collected during the trial is 
given in Table 1. At week 12 after the first challenge, 
euthanasia was performed using intravenous injection of 
barbiturate (pentobarbital sodium 540 mg/mL, Euthanyl 
Forte®, DIN 00241326, Bimeda-MTC Animal Health, 
Cambridge, Ontario, Canada) and necropsy was per- 
formed immediately afterwards. 

Necropsies 

During necropsies no other ruminants were allowed in 
the necropsy room. One calf was opened at a time. At 
post-mortem, a total of 18 tissue samples were collected 
per calf with separate sterile instruments for each sample. 
Three parts of the ileum were sampled with adjacent 
lymph nodes (ileocaecal valve, middle and proximal parts 
of the ileum) as well as four parts of the jejunum with 
adjacent lymph nodes (0.5, 1, 1.5 and 2 m proximal from 
the proximal ileum). Additionally, the tonsils, the retro- 
pharyngeal lymph nodes and right cranioventral lobe of 
the lung with tracheobroncheal lymph nodes were col- 
lected. In case of macroscopic lung pathology the abnor- 
mal lung tissue was sampled additionally. To minimize 
cross contamination, samples were collected in the fol- 
lowing order: tonsils, retropharyngeal lymph nodes and 
lung tissue were collected first, then parts of interest of 
the intestinal tract were identified, marked and adjacent 



Table 1 Overview of samples collected during the trial 


Type of 
sample 


Total 


Frequency 


Pool 


Analysis 


Reason 






FO; 

before inoculation 


3 calves per pool: 
1: oral 
2: no challenge 
3a&b: T-tracheal 
4a&b: Nasal 




Faecal MAP shedding before 
infection 


Faeces 


13 per calf 


Week 1 F 1-3 pi 
Week 2 F4-6 pi 
Week 3 F7-9 pi; 
Each of 3 days following 
weekly inoculation. 


3 samples of 2 calves 
per pool: 
1a&b: oral 
2a&b: no challenge 
3a, b&c: T-tracheal 
4a, b&c: Nasal 


Liquid MAP culture with 
confirmation IS900 PCR 


Passive faecal MAP shedding 
after inoculation 






Week 6 F10 pi 


3 calves per pool: 
1: oral 
2: no challenge 
3a&b: T-tracheal 
4a&b: Nasal 




Faecal MAP Shedding 
















Week 9 F11 pi 


Individually 










Week 12 F12 pi 


Individually 




Faecal MAP Shedding 


Dust 


18; at each 
stall 


Week 1 1 pi 


Individually 


Liquid MAP culture with 
confirmation IS900 PCR 


Environmental contamination 
with MAP 


Serum 


2 per calf 


Week 0 pi 
Week 12 pi 


Individually 


Commercial JD-ELISA 


B-cell activation& 
seroconversion 


Whole 
blood 


1 per calf 


Week 12 pi 


Individually 


Bovigam® interferon gamma 
essay 


T-cell sensitisation 


Tissue 


18 (19*) 
per calf 


W 12 pi 


Individually 


Liquid MAP culture with 
confirmation IS900 PCR 


Tissue colonisation with MAP 



Overview of the samples collected. Frequencies and time points of collection and tests used for analysis during the 12 week trial are described. Additionally, the 
reason for sampling is indicated. F = faecal sample, pi = post inoculation, T-tracheal = transtracheal. *an additional piece of lung was sampled from one calf. 
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lymph nodes were collected before opening and sampling 
the intestinal tissue. Equipment and the necropsy room 
were cleaned and disinfected between necropsies. 

Sample analysis 

Serum samples of the calves were analysed for MAP 
specific antibodies using Pourquier ELISA following the 
manufacturer's instructions. The results were expressed 
as sample to positive ratio (S/P-ratio) using the kit posi- 
tive control to correct for inter-plate variation as per the 
manufacturers instruction. 

Whole blood was analyzed by Bovigam R (Prionics, 
Lavista, USA) to detect T-cell sensitization. Samples 
were stimulated within 8 hours after blood collection in 
a 24-well tissue culture plate. Commercially available 
antigens were used to incubate cells. Purified Protein 
Derivative Avian (PPDA; Prionics) and Purified Protein 
Derivative Bovis (PPDB; Prionics) included with the 
Bovigam® assay were used as specific antigens. Poke- 
weed mitogen (PMT; Sigma Aldrich, Oakville, Ontario) 
was used as a positive control and PBS (pH 7.4) as a 
negative control. The supernatant was stored at -20°C 
until analysis. The results were expressed as the S/N 
ratio using the PBS stimulated sample to correct as per 
the manufacturer's instruction. 

Faecal samples of calves were analysed as described in 
Table 1 and dust samples were tested individually. Dust 
samples were decontaminated and prepared as described 
previously [7]. All faecal samples were decontaminated 
and prepared for culturing in liquid medium (TREK 
para-JEM®) according to the instructions provided by 
the manufacturer. 

Intestinal samples (4x4 cm) were rinsed in PBS to 
remove intestinal contents and the mucosa was scraped 
off the intestinal wall using slides. The tissue was put into 
50 mL tubes prefilled with 20 mL of 1/2 strength Brain 
Heart Infusion (BHI) containing 0.9% hexadecylpyridinium 
chloride (HPC). The lymph nodes (2 g) and pieces of lung 
were cut open and put into stomacher bags with 5 mL of 
NaCl. Samples were homogenized with a Stomacher® 
(Stomacher 8 80 Biomaster, Seward Laboratory Systems 
Inc., Bohemia, New York, United States) for 1 min at high 
speed. Fluid containing debris was poured into a 50 mL 
tube containing 20 mL 1/2 strength BHI with 0.9% HPC. 
Samples were incubated overnight at 35°C The next day, 
tubes were centrifuged at 1700 g for 20 min, the superna- 
tant was discarded, the pellet was resuspended in 1 mL 1/ 
2 strength BHI containing antibiotics (vancomycin and 
naladixic acid 100 ug/mL, amphotericin 50 ug/mL) and 
incubated overnight. 

After these initial decontamination and preparation 
steps faecal, dust and tissue samples were incubated at 
35°C for 42 days in para- JEM® liquid culture medium. 
MAP presence was confirmed by IS900 realtime PCR on 



culture medium as previously described [7]. Culture 
results were considered as a binominal outcome (MAP 
detected/not detected). 

Data analysis 

Interferon gamma results were analyzed by ANOVA ana- 
lysis comparing the S/N-ratios of the 4 experimental 
groups. The number of positive tissue cultures per calf 
was recorded and presented per location. An inoculation 
route was considered to be successful if at least one calf 
per group had at least one culture positive intestinal tissue. 

Results 

Clinical findings 

During the study no severe clinical abnormalities were 
detected. Several calves had a dry cough throughout the 
experimental period. It occurred in all groups before 
and also several weeks after inoculation. One calf in the 
nasal group was diagnosed with and treated for pneu- 
monia within the first week of life before inoculation. 
Slight diarrhoea was detected in 3 calves; in one it 
occurred before inoculation, and in the other 2 in week 
6 post inoculation (pi). 

Calves showed no reaction after nasal inoculation. 
Some calves inoculated trans-tracheally reacted with a 
slight cough to the injection of fluid into the trachea. 
Twice traces of blood were detected in the nostrils after 
transtracheal injection. 

Immune parameters 

Serum samples of calves at day 3 of life and D82 after 
inoculation were negative for MAP specific antibodies in 
the ELISA with the exception of one calf from the oral 
inoculation group. 

In all calves, interferon gamma production of cells sti- 
mulated with PBS and PPDB were negligible. Stimulation 
with PMT showed a clear interferon gamma response in 
all animals. Two calves of the nasal inoculation group 
had a more prominent interferon gamma response to 
PMT. After stimulation with PPDA the interferon 
gamma production was comparably low in the negative 
control, the positive control and the transtracheal inocu- 
lated group. In the nasal inoculation group, the two 
calves with the prominent interferon gamma response to 
PMT also showed a high response to PPDA. A significant 
(p = 0.002) difference was found between the nasal 
inoculated and the positive control group. 

Necropsy 

No macroscopic intestinal lesions were observed in any 
of the calves at necropsy. The calf in the nasal group 
treated for pneumonia showed a few pleural adhesions. 
No MAP could be detected in an additional piece of 
lung tissue collected underneath the adhesions. 
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Culture results 

All faecal samples of the calves collected throughout the 
trial were culture negative. All 18 dust samples collected 
8 weeks after the last inoculation were also culture 
negative. Culture results of tissue samples are summar- 
ized in Table 2. No MAP could be detected in the tissue 
of the negative control group. Intestinal MAP infection 
occurred in all inoculated calves. 

Nasal inoculated calves showed up to 6 MAP positive 
intestinal tissue samples, whereas transtracheal inoculated 
calves had a maximum of 4 positive intestinal tissue sam- 
ples. Nasal inoculation led to the presence of MAP in the 
tonsils of 1 calf and in the retropharyngeal lymph node in 
2 other calves. Transtracheal application of MAP resulted 
in a positive tracheobronchial lymph node in 3 calves. 

Discussion 

This study supports the hypothesis that MAP might be 
transmitted via bioaerosols since a low trickle dose 
administered via nasal and transtracheal routes could 
establish MAP infection in all inoculated calves. Both 
respiratory routes caused infection of intestinal tissue 
and intestinal lymph nodes. 



In sheep intratracheal MAP exposure has been pre- 
viously described as a potential route of infection [10]. 
The number of calves used in this study was too small 
to statistically compare results for tissue locations 
between groups, but the goal was a proof of principle. 
The presence of MAP in cultured intestinal tissue and 
lymph node samples of all challenged calves (Table 2) 
supports that MAP uptake via the respiratory tract can 
induce MAP infection in susceptible calves. Recent 
detection of MAP in bioaerosols on commercial dairy 
farms indicates that this route has to be considered as a 
possible route of transmission [6]. 

Intermittent faecal shedding due to infection has been 
described in experimental trials as early as 146 days post 
challenge [13]. Since calves in this study were inoculated 
with a lower dose per inoculation day compared to lit- 
erature and were euthanized at 12 weeks pi, no presence 
of MAP in any faecal sample was expected. In early 
MAP infection, no macroscopic lesions occur and histo- 
logical lesions containing acid-fast bacteria can be 
detected sporadically if at all [13,14]. Therefore in this 
study, confirmation of MAP infection in tissue samples 
was performed by MAP culture. 



Table 2 Summary of tissue culture results 



Group Total no. Positive out CaeV CaeV II II 1 II II 2 Je Je 1 Je Je 2 Je Je 3 Je Je 4 Lu TB Re To 
of 18 In 1 In 2 In 1 In 2 In 3 In 4 In 1 



No 


0 




chal. 






No 


0 




chal. 






No 


0 




chal. 






Oral 


1 + 




Oral 


2 + + 




Oral 


1 + 




Nasal 


7 + + + + + + 


+ 


Nasal 


1 + 




Nasal 


1 + 




Nasal 


3 + + 


+ 


Nasal 


1 + 




Nasal 


4 + + + 


+ 


T- 


4 + + + + 




Trach 






T- 


2 + 


+ 


Trach 






T- 


2 + 


+ 


Trach 






T- 


4 + + + 


+ 


Trach 






T- 


3 + + + 




Trach 






T- 


2 + + 




Trach 






MAP presence in tissue was confirmed by IS900 realtime PCR on liquid culture medium. No chal: no challenge, T-trach: transtracheal; CaeV = 


caecoilio valves, In = 


lymph node, 1 


= ileum, Je = jejunum, Lu = lung, TB = tracheobroncheal lymph node, Re = retropharyngeal lymph node, To = tonsils. 
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The detection of seroconversion against MAP using 
commercially available ELISA tests has occurred earlier 
in experimental infection studies than in naturally 
infected cattle, but not before 406 days after inoculation 
[13,23,24]. The absence of MAP specific antibodies 
shortly after birth showed the absence of maternal anti- 
bodies in colostrum administered to the calves. Not 
detecting antibodies in 14 out of 15 challenged calves in 
week 12 after inoculation was in agreement with pub- 
lished studies indicating seroconversion so early after 
challenge to be a rare event. The interferon gamma 
assay detects cellular immune responses and was 
deemed useful for early paratuberculosis detection in 
cattle [15,25]. In experimental studies in calves, inter- 
feron gamma production has been detected as early as 
day 7 after intra-peritoneal inoculation [15]. However, 
after oral inoculation (4 times of 1-2 x 10 CFU/dose) 
interferon gamma production did not increase before 
day 90 pi and was considered a robust measure only 
after 6 months of age [15]. In the present study, calves 
were inoculated with a considerably lower dose and 
were euthanised before 90 days post inoculation (dpi) 
explaining the low specific interferon gamma response 
in the oral inoculation group. Surprisingly, two calves 
inoculated through the nasal route showed a clear inter- 
feron gamma response after specific antigen stimulation 
as early as 12 weeks pi. These findings and negligible 
responses to stimulation with PBS and PPDB indicate a 
specific sensitization of peripheral blood mononuclear 
cells to MAP after nasal inoculation. 

Faecal-oral transmission of MAP is believed to be the 
most common route of transmission under field condi- 
tions [1,26]. In addition, this route of inoculation has 
been frequently confirmed to be effective in experiments 
[18]. Therefore, the positive control group was inocu- 
lated orally with the same inoculation scheme and dose 
as the experimental groups. All 3 positive control calves 
became infected (Table 2), although the total dose (1 x 
10 7 CFU/dose) and the dose given per inoculation day 
(8 x 10 s CFU/dose) was low [18]. A dose of 1.5 x 10 6 
CFU/dose for 2 consecutive days reliably induced 
detectable infection, whereas a dose of 2 x 10 CFU/ 
dose did not [16]. In this study the daily oral dosage 
was lower than 10 CFU/dose and probably only led to 
an infection because it was administered several times 
as a trickle dose adding up to a total dose around 10 
CFU. 

In humans, aerosol routing after aspiration has been 
described to be dependent on droplet size [11,27]. Simi- 
lar estimates for particle penetration into the respiratory 
tract have been performed in calves [12]. To mimic 
aerosol infection by droplets in the upper respiratory 
tract a device was used to administer the inoculum to 
the nasal group which was designed for intranasal 



application in humans. It produced aerosols with a vari- 
able size which were mainly trapped in the mucociliary 
system of the nose [22]. Thus, most MAP would have 
reached only the nasal cavity passing the nasal asso- 
ciated lymphoid tissue (NALT) before being cleared by 
the mucociliary system and ingested [28]. NALT con- 
tains M-cells which have been shown to facilitate MAP 
uptake in Peyers patches of gut associated lymphoid tis- 
sue (GALT) after oral uptake [29,30]. After nasal inocu- 
lation, MAP would come into direct contact with NALT 
and thus with M cells; it would also pass by the palatine 
tonsils before being swallowed and diluted by saliva. 
Therefore, when presented to M cells in NALT, uptake 
of MAP might occur via a similar mechanism to that 
which occurs during oral infection; respiratory uptake 
may be even more efficient since in this case MAP is 
not diluted in intestinal contents before reaching the 
target tissue. In addition, when inhaled, surplus MAP 
will be swallowed and M-cells in the Peyers patches 
subsequently will be exposed. Confirmation of MAP in 
retropharyngeal lymph nodes and in tonsils of calves of 
the nasal inoculation group supports that the nose can 
act as a portal of entry for MAP. 

Transtracheal application of MAP was performed, 
mimicking the scenario of MAP attached to respirable 
dust. Particles and bacteria entering alveoli will be taken 
up by pulmonary-alveolar macrophages and removed by 
the mucociliary system, passing the tonsils before being 
swallowed; alternatively they could pass the mucosal 
epithelial barrier [12,31,32]. M-cells in bronchus-asso- 
ciated lymphoid tissue (BALT) have been described as a 
portal of entry for Mycobacterium bovis in mice [33]. 
BALT is not present in the neonatal bovine lung, but 
can be detected after 4 months of age [34] indicating 
that BALT could play a role in MAP uptake in older 
young stock but not in the present study. In this study, 
MAP was possibly cleared by pulmonary- alveolar 
macrophages and partially passed the mucosal epithelial 
barrier indicated by confirmed positive tracheobroncheal 
lymph nodes in 3 calves of the transtracheal group. 
These findings support that the lung can act as a portal 
of entry for MAP. 

After oral inoculation and uptake by M cells of the 
Peyers patches, macrophages are the target cells since 
MAP is capable of interfering with bactericidal mechan- 
isms of these cells [35]. Within macrophages, MAP 
migrates to the regional lymph nodes [14] and in later 
stages of disease the whole body is colonized [36-38]. 
Older oral infection studies detected MAP in lymphoid 
tissue of the pharyngeal area shortly after inoculation, 
followed later on by the intestinal tract and other organs 
indicating dissemination via the reticuloendothelial sys- 
tem to reach the intestinal tissue [39,40]. This theory 
was supported by the finding that instillation of MAP in 
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the tonsils of calves' leads to infected intestinal tissue 
[13]. In addition, intraperitoneal inoculation proved to 
be effective for inducing infection [41]. In this study 
MAP lymph nodes close to the inoculation site were 
positive, as well as intestinal tissue and lymph nodes, 
indicating that migration occurred as well. Intestinal 
colonization when inoculated orally, intraperitoneally 
and directly into the tonsils and now also nasally and 
transtracheally supports that migration of MAP has to 
occur once it has passed the epithelial barrier [16,41,42]. 

In conclusion, intestinal MAP infection can be 
induced via the respiratory route when administered 
into the nose or the trachea of young calves. If MAP 
uptake after inoculation occurred through the nose and 
lung tissue directly as hypothesized or due to ingestion 
after mucociliary clearance maintains unclear. Neverthe- 
less intestinal infection occurred indicating that bioaero- 
sols can be a route of transmission. Since MAP has 
been detected in bioaerosols on dairy farms, the trans- 
mission of MAP by bioaerosols will need to be consid- 
ered in MAP control programs in addition to the faecal- 
oral route. 

Acknowledgements 

This trial was financed by the Alberta Livestock and Meat Association 
(project code 201 1 F055R). The help of Anne Huijbers and Lindert Benedictus 
during calf collection was appreciated by the authors. Furthermore, the 
authors are grateful to Tanja Kraus, the technician on the project, and Kevin 
Ansems, for taking care of the calves during the trial. The authors would 
also like to thank Uliana Kanevets for her support in the lab work. In 
addition, the authors are thankful to Taya Forde for critical reading of the 
manuscript. 

Author details 

'Department of Farm Animal Health, Faculty of Veterinary Medicine, Utrecht 
University, Yalelaan, Utrecht, The Netherlands, institute for Risk Assessment 
Sciences, Utrecht University, Jenalaan, Utrecht, The Netherlands, department 
of Production Animal Health, Faculty of Veterinary Medicine, University of 
Calgary, Hospital Dr NW, Calgary, Canada. 

Authors' contributions 

SFWE designed and conducted the experiment, collected and analysed the 
samples and wrote the draft manuscript. APK designed the experiment, 
developed the inoculation procedure and helped to draft the manuscript. 
MN designed the study and helped to draft the manuscript. DH designed 
the study and helped to draft the manuscript. RM was involved in animal 
logistics, took care of inoculum preparation and analysed blood samples. 
JDB developed animal logistics and helped to draft the manuscript. KO 
designed and supervised the experiment and helped to draft the 
manuscript. All authors read and approved the final manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 19 August 2011 Accepted: 3 December 2011 
Published: 3 December 2011 

References 

1 . Sweeney RW: Transmission of paratuberculosis. Vet Clin North Am Food 
Anim Pract 1996, 12:305-312. 

2. Sweeney RW, Whitlock RH, Rosenberger AE: Mycobacterium 
paratuberculosis isolated from fetuses of infected cows not manifesting 
signs of the disease. Am J Vet Res 1992, 53:477-480. 



3. Benedictus A, Mitchell RM, Linde-Widmann M, Sweeney R, FyockT, 
Schukken YH, Whitlock RH: Transmission parameters of Mycobacterium 
avium subspecies paratuberculosis infections in a dairy herd going 
through a control program. Prev Vet Med 2008, 83:215-227. 

4. Corner LA, Pfeiffer DU, Abbott KA: The respiratory tract as a hypothetical 
route of infection of cattle with Mycobacterium avium subspecies 
paratuberculosis. Aust Vet J 2004, 82:170-173. 

5. Schukken YH, Mitchell RM, Pradhan AK, Lu Z, Smith R, Cho J, Dressier J, 
Tauer LW, Grohn YT: Elimination of Mycobacterium avium subspecies 
paratuberculosis from dairy farms: fact or fiction? Proceedings of 10th 
International Colloquium on Paratuberculosis, Minneapolis, Minnesota; 4-14 
August 2009 2009, 109-113. 

6. Eisenberg SW, Koets AP, Hoeboer J, Bouman M, Heederik D, Nielen M: 
Presence of Mycobacterium avium subsp. paratuberculosis in 
environmental samples collected on commercial Dutch dairy farms. Appl 
Environ Microbiol 2010, 76:6310-6312. 

7. Eisenberg SW, Nielen M, Santema W, Houwers DJ, Heederik D, Koets AP: 
Detection of spatial and temporal spread of Mycobacterium avium 
subsp. paratuberculosis in the environment of a cattle farm through 
bio-aerosols. Vet Microbiol 2010, 143:284-292. 

8. Benedictus G, Kalis CJ: Paratuberculosis: eradication, control and 
diagnostic methods. Acta Vet Scand 2003, 44:231-241. 

9. McKenna SL, Keefe GP, Tiwari A, VanLeeuwen J, Barkema HW: Johne's 
disease in Canada part II: disease impacts, risk factors, and control 
programs for dairy producers. Can Vet J 2006, 47:1089-1099. 

10. Kluge JP, Merkal RS, Monlux WS, Larsen AB, Kopecky KE, Ramsey FK, 
Lehmann RP: Experimental paratuberculosis in sheep after oral, 
intratracheal, or intravenous inoculation lesions and demonstration of 
etiologic agent. Am J Vet Res 1 968, 29:953-962. 

11. Pearson CC, Sharpies TJ: Airborne Dust Concentrations in Livestock 
Buildings and the Effect of Feed. J Agr Eng Res 1995, 60:145-154. 

12. Davies CP, Webster AJ: Deposition and clearance of monodisperse 
aerosols in the calf lung: effects of particle size and a mucolytic agent 
(bromhexine). Can J Vet Res 1987, 51:306-31 1. 

13. Waters WR, Miller JM, Palmer MV, Stabel JR, Jones DE, Koistinen KA, 
Steadham EM, Hamilton MJ, Davis WC, Bannantine JP: Early induction of 
humoral and cellular immune responses during experimental 
Mycobacterium avium subsp. paratuberculosis infection of calves. Infect 
Immun 2003, 71:5130-5138. 

14. Whitlock RH, Buergelt C: Preclinical and clinical manifestations of 
paratuberculosis (including pathology). Vet Clin North Am Food Anim Pract 
1996, 12:345-356. 

15. Stabel JR, Robbe-Austerman S: Early immune markers associated with 
Mycobacterium avium subsp. paratuberculosis infection in a neonatal 
calf model. Clin Vaccine Immunol 201 1, 18:393-405. 

16. Sweeney RW, Uzonna J, Whitlock RH, Habecker PL, Chilton P, Scott P: 
Tissue predilection sites and effect of dose on Mycobacterium avium 
subs, paratuberculosis organism recovery in a short-term bovine 
experimental oral infection model. Res Vet Sci 2006, 80:253-259. 

17. Wu CW, Livesey M, Schmoller SK, Manning EJ, Steinberg H, Davis WC, 
Hamilton MJ, Talaat AM: Invasion and persistence of Mycobacterium 
avium subsp. paratuberculosis during early stages of Johne's disease in 
calves. Infect Immun 2007, 75:21 10-21 19. 

18. Hines ME, Stabel JR, Sweeney RW, Griffin F, Talaat AM, Bakker D, 
Benedictus G, Davis WC, de Lisle GW, Gardner IA, Juste RA, Kapur V, 
Koets A, McNair J, Pruitt G, Whitlock RH: Experimental challenge models 
for Johne's disease: a review and proposed international guidelines. Vet 
Microbiol 2007, 122:197-222. 

19. Takai H, Pedersen S, Johnsen JO, Metz JHM, Groot Koerkamp PWG, 

Uenk GH, Phillips VR, Holden MR, Sneath RW, Short JL, White RP, Hartung J, 
Seedorf J, Schroder M, Linkert KH, Wathes CM: Concentrations and 
Emissions of Airborne Dust in Livestock Buildings in Northern Europe. J 
Agr Eng Res 1998, 70:59-77. 

20. Spaan S, Wouters 1M, Oosting I, Doekes G, Heederik D: Exposure to 
inhalable dust and endotoxins in agricultural industries. J Environ Monit 
2006, 8:63-72. 

21. Angen 0, Thomsen J, Larsen LE, Larsen J, Kokotovic B, Heegaard PM, 
Enemark JM: Respiratory disease in calves: microbiological investigations 
on trans-tracheally aspirated bronchoalveolar fluid and acute phase 
protein response. Vet Microbiol 2009, 137:165-171. 



Eisenberg ef al. Veterinary Research 201 1, 42:1 1 7 
http://www.veterinaryresearch.org/content/42/171 17 



Page 8 of 8 



22. Newman SP, Moren PF, Clarke SW: The nasal distribution of metered dose 
inhalers. J Laryngol Otol 1987, 101:127-132. 

23. Collins MT: Diagnosis of paratuberculosis. Vet Clin North Am Food Anim 
Pract 1996, 12:357-371. 

24. Koets A, Hoek A, Langelaar M, Overdijk M, Santema W, Franken P, Eden W, 
Rutten V: Mycobacterial 70 kD heat-shock protein is an effective subunit 
vaccine against bovine paratuberculosis. Vaccine 2006, 24:2550-2559. 

25. Stewart DJ, Vaughan JA, Stiles PL, Noske PJ, Tizard ML, Prowse SJ, 
Michalski WP, Butler KL, Jones SL: A long-term bacteriological and 
immunological study in Holstein-Friesian cattle experimentally infected 
with Mycobacterium avium subsp. paratuberculosis and necropsy 
culture results for Holstein-Friesian cattle, Merino sheep and Angora 
goats. Vet Microbiol 2007, 1 22:83-96. 

26. Cocito C, Gilot P, Coene M, de Kesel M, Poupart P, Vannuffel P: 
Paratuberculosis. Clin Microbiol Rev 1994, 7:328-345. 

27. Hatch TF: Distribution and deposition of inhaled particles in respiratory 
tract. Bacteriol Rev 1961, 25:237-240. 

28. Lugton I: Mucosa-associated lymphoid tissues as sites for uptake, 
carriage and excretion of tubercle bacilli and other pathogenic 
mycobacteria. Immunol Cell Biol 1 999, 77:364-372. 

29. Momotani E, Whipple DL, Thiermann AB, Cheville NF: Role of M cells and 
macrophages in the entrance of Mycobacterium paratuberculosis into 
domes of ileal Peyer's patches in calves. Vet Pathol 1988, 25:131-137. 

30. Schuh JC, Oliphant LW: Development and immunophenotyping of the 
pharyngeal tonsil (adenoid) in cattle. J Comp Pathol 1992, 106:229-241. 

31. Lillie LE, Thomson RG: The pulmonary clearance of bacteria by calves and 
mice. Can J Comp Med 1972, 36:129-137. 

32. Cohen AB, Gold WM: Defense mechanisms of the lungs. Annu Rev Physiol 
1975, 37:325-350. 

33. Teitelbaum R, Schubert W, Gunther L, Kress Y, Macaluso F, Pollard JW, 
McMurray DN, Bloom BR: The M cell as a portal of entry to the lung for 
the bacterial pathogen Mycobacterium tuberculosis. Immunity 1999, 
10:641-650. 

34. Anderson ML, Moore PF, Hyde DM, Dungworth DL: Bronchus associated 
lymphoid tissue in the lungs of cattle: relationship to age. Res Vet Sci 
1986, 41:211-220. 

35. Sigurethardottir OG, Valheim M, Press CM: Establishment of 
Mycobacterium avium subsp. paratuberculosis infection in the intestine 
of ruminants. Adv Drug Deliv Rev 2004, 56:81 9-834. 

36. Ayele WY, Bartos M, Svastova P, Pavlik I: Distribution of Mycobacterium 
avium subsp. paratuberculosis in organs of naturally infected bull-calves 
and breeding bulls. Vet Microbiol 2004, 103:209-217. 

37. Herthnek D, Englund S, Willemsen PT, Bolske G: Sensitive detection of 
Mycobacterium avium subsp. paratuberculosis in bovine semen by real- 
time PCR. J Appl Microbiol 2006, 100:1095-1 102. 

38. Mutharia LM, Klassen MD, Fairies J, Barbut S, Gill CO: Mycobacterium avium 
subsp. paratuberculosis in muscle, lymphatic and organ tissues from 
cows with advanced Johne's disease. Int J Food Microbiol 2010, 
136:340-344. 

39. Payne JM, Rankin JD: The pathogenesis of experimental Johne's disease 
in calves. Res Vet Sci 1961, 2:167-174. 

40. Payne JM, Sansom BF, Garner RJ, Thomson AR, Miles BJ: Uptake of small 
resin particles (1-5 microns diameter) by the alimentary canal of the 
calf. Nature 1960, 188:586-587. 

41 . Stabel JR, Palmer MV, Harris B, Planner B, Hostetter J, Robbe-Austerman S: 
Pathogenesis of Mycobacterium avium subsp. paratuberculosis in 
neonatal calves after oral or intraperitoneal experimental infection. Vet 

Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Microbiol 2009, 136:306-313. 
42. Waters WR, Palmer MV, Thacker TC, Bannantine JP, Vordermeier HM, 

Hewinson RG, Greenwald R, Esfandiari J, McNair J, Pollock JM, Andersen P, 
Lyashchenko KP: Early antibody responses to experimental 
Mycobacterium bovis infection of cattle. Clin Vaccine Immunol 2006, 
13:648-654. 

' 

doi: 1 0. 1 1 86/1 297-97 1 6-42-1 1 7 

Cite this article as: Eisenberg ef al:. Intestinal infection following aerosol 
challenge of calves with Mycobacterium avium subspecies 
paratuberculosis. Veterinary Research 201 1 42:1 1 7. 



Submit your manuscript at f \ RioM _-| rpntr ,i 

www.biomedcentral.com/submit \ J BHMWea i_entrai 



